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This  paper  describes  a  a'ethod,  the  Eo;.::'.valent  Initial  Quality 
Method,  of  analytically  representing  fastener  hole  initial  quality 
resulting  from  material  and  structural  manufacturing  and  processing 
operations.  The  representation  is  accomplished  by  representing  the 


imperfections  which  are  either  inherent  ir.  a  material  or  Introduced 
during  the  manufacturing  of  a  structure,  with  a  fatigue  c-rack  of  a.  parti¬ 
cular  size,  and  shape.  Such  a  representation  allows  the  damage  accumv 
lation  prccess  to  be  considered  as  e' ti  ce.ly  crack  growth  with  zero  tir'e 
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SECTION  1 


INTRODUCTION 


For  existing  Air  Force  aircraft,  damage  tolerance  and  life  assess¬ 
ment  programs  have  been  and  are  currently  being  conducted.  The  objec¬ 
tives  of  these  programs  are  to  define  operational  limits  and  to  provide 
any  necessary  modification  or  operational  usage  options.  The  operat¬ 
ional  limits  involved  Include:  (1)  an  economic  repair  limit  which 
specifies  the  opportune  time  for  repairs, and  modifications  before  such 
repairs  and  modifications  become  too  expensive;  (2)  an  inspection 
interval  which  provides  the  opportune  time  for  detecting  damage  by  NDI 
techniques  before  the  damage  reaches  critical  proportions;  and  (3)  a 
fracture  limit  which  provides  the  time  at  which  an  aircraft  failure 
potential  is  believed  to  exist  if  no  inspection  and/or  repair  is  accom¬ 
plished.  These  analytically  predicted  operational  limits  are  based  upon 
the  assumption  that  initial  flaws  exist  in  the  airframe  due  to  material 
and  structural  manufacturing  and  processing  operations. 

For  future  Air  Force  aircraft,  the  current  Air  Force  structural 

Cl') 

integrity  policy,  MIL-STD-1530A, ^  requires  the  aircraft  to  be  designed 

(2) 

to  be  durable.  In  particular.  Military  Specification  MIL-A-8866B 
contains  the  airplane  durability  design  requirements  which  require  an 
analysis  to  be  conducted  to  demonstrate  that  the  economic  life  of  the 
airframe  is  in  excess  of  the  design  service  life  when  subjected  to  the 
design  service  loads  spectra  and  the  design  chemical/thermal  environment 
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spectra.  The  economic  life  is  defined  as  the  time  required  for  wide¬ 
spread  damage  to  occur  which  is  uneconomical  to  repair  and,  if  not 
repaired,  could  cause  functional  problems  affecting  operational  read¬ 
iness.  One  of  the  factors  which  must  be  accounted  for  in  the  analysis 
is  the  initial  quality  resulting  from  material  and  structural  manu¬ 
facturing  and  processing  operations. 

Also  for  future  Air  Force  aircraf t , . the  current  Air  Force  struc¬ 
tural  integrity  policy  requires  the  aircraft  to  be  designed  to  be  damage 

(3) 

tolerant.  Military  Specification  MIL-A-83444  contains  the  airplane 
damage  tolerance  design  requirements  which  require  safety  of  flight 
structure  to  meet  certain  residual  strength  and  crack  growth  analyses 
requirements  based  on  the  design  concept  and  degree  of  inspectability  of 
the  structure.  This  specification  requires  initial  flaws  to  be  assumed 
to  exist  as  a  result  of  material  and  structural  manufacturing  and  pro¬ 
cessing  operations.  Small  imperfections  equivalent  to  a  .005  inch 
radius  corner  flaw  resulting  from  these  operations  shall  be  assumed  to 
exist  in  each  hole  of  each  element  of  the  structure,  with  the  exception 
that  the  most  critical  hole  of  each  element  shall  contain  a  flaw  of 
length  greater  than  .005  inch.  The  .005  inch  radius  corner  flaw  pro¬ 
vides  the  basis  for  the  fastener  policy  requirements  and  the  continuing 
damage  and  remaining  structure  damage  assumptions.  However,  if  the  con¬ 
tractor  has  developed  initial  quality  on  fastener  holes  (e.g.,  by 
fractographic  studies) ,  these  data  may  be  substituted  to  the  procuring 
activity  for  review  and  serve  as  a  basis  for  negotiating  a  size  dif¬ 
ferent  than  the  specified  .005  inch  radius  corner  flaw. 
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In  order  to  analytically  predict  operational  limits  for  existing 

aircraft  and  to  satisfy  the  durability  and  damage  tolerance  design 

requirements  for  future  aircraft,  the  initial  quality  of  the  aircraft 

must  be  quantified.  One  method  of  quantification  is  to  represent  the 

initial  quality  with  an  analytically  equivalent  fatigue  crack  of  a 

particular  size  and  shape.  Such  a  method  is  the  Equivalent  Initial 

Quality  Method  described  in  the  following  section.  This  method  provides 

the  capability  to  consider  the  damage  accumulation  process  as  entirely 

crack  growth  with  zero  time  to  initiate  a  crack.  This  approach  is 

supported  by  past  experience  with  tests  of  structures  under  simulated 

flight  loading  which  indicate  that  the  time  to  initiation  of  cracks  from 

most  structural  details  (e.g.,  sharp  corners,  holes,  etc.)  is  relatively 

short  and  that  the  majority  of  the  life  (i.e.,  95%)  is  spent  growing  the 
(4) 

cracks  to  failure. 
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SECTION  2 


DESCRIPTION  OF  EQUIVALENT  INITIAL  QUALITY  METHOD 

The  Equivalent  Initial  Quality  Method  shall  be  described  for 
fastener  holes,  the  most  prevalent  source  of  cracking  in  aircraft 
structure. For  the  purposes  of  this  paper,  quality  shall  be  defined 
as  a  measure  of  the  condition  of  the  structure  relative  to  imperfec¬ 
tions,  flaws,  defects,  or  discrepancies  which  are  either  inherent  in  the 
material  or  introduced  during  manufacturing  of  the  structure.  Some  of 
the  parameters  which  can  contribute  to  the  initial  quality  of  fastener 
holes  are  illustrated  in  Figure  1.  One  method  of  analytically  account¬ 
ing  for  the  initial  quality  of  a  fastener  hole  is  to  represent  the 
initial  quality  with  an  analytically  equivalent  fatigue  crack  of  a 
particular  size  and  shape,  such  as  the  corner  crack  depicted  in  Figure 
1.  If  an  analytical  initial  quality  representation  is  performed  for 
each  of  a  number  of  fastener  holes,  an  equivalent  initial  quality 
statistical  distribution  can  be  obtained  which  represents  the  initial 
quality  of  the  fastener  holes  produced  by  the  particular  material  and 
structural  manufacturing  and  processing  operations  involved. 

The  analytical  initial  quality  representation,  defined  as  the 
equivalent  initial  quality,  can  be  obtained  in  the  following  manner. 
Consider  a  piece  of  structure  with  a  fastener  hole  containing  the 
defect  of  characteristic  dimension  £,  schematically  illustrated  in 
Figure  2.  This  defect  results  in  fatigue  crack  initiation  and  pro¬ 
pagation  when  subjected  to  some  known  load  history.  Upon  failure  of 
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Figure  2. 


Definition  of  Equivalent  Initial  Quality 


the  structure,  a  fractographic  examination  of  the  fracture  surface  is 
performed  (e.g..  Figure  3)  to  obtain  as  much  of  the  crack  growth  curve 
as  possible.  Analytical  crack  propagation  analyses  are  performed  until 
there  is  good  agreement  between  the  analytical  prediction  and  the 
fractographic  test  data  for  the  portion  of  the  crack  growth  curve  of 
Interest.  For  example,  if  the  Equivalent  Initial  Quality  Method  is  to 
be  used  to  obtain  the  initial  crack  size  to  be  used  in  economic  life 
predictions,  then  it  may  be  desirable  to 'obtain  good  agreement  between 
the  analytical  prediction  and  the  fractographic  test  data  for  crack 
sizes  up  to  .03  inch  (a^  =  .03  inch  in  Figure  2),  allowing  removal  of 
cracks  by  reaming  the  fastener  hole  to  the  next  nominal  hole  size. 
Similarly,  if  the  Equivalent  Initial  Quality  Method  is  to  be  used  to 
obtain  the  initial  crack  size  to  be  used  in  establishing  inspection  in¬ 
tervals  or  fracture  limits,  then  it  may  be  desirable  to  obtain  good 
agreement  between  the  analytical  prediction  and  the  fractographic  test 

data  at  failure  (a  =  a  ) .  The  initial  crack  size  (crack  size  when  the 
e  c 

load  history  is  first  applied),  a^,  of  the  analytical  crack  growth  curve 
which  correlates  best  with  the  fractographic  test  data  is  defined  as 
the  equivalent  initial  quality-  Hence,  a^  is  said  to  be  the  analytical 
equivalent  of  the  actual  defect  of  characteristic  dimension  i  if  each 
results  in  a  preselected  crack  size  a^  after  cycles  of  the  same  load 
history  have  been  applied.  This  implies  that  fastener  holes  which 
contain  actual  crack  sizes  less  than  a^  after  cycles  have  been 
applied  are  of  better  quality  than  those  which  contain  actual  crack 
sizes  equal  to  or  greater  than  a^  after  cycles- 
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Figure  3.  Method  of  Exposing  Fracture  Surfaces 


Consider  the  following  example  which  illustrates  the  use  of  the 

Equivalent  Initial  Quality  Method.  A  photograph  of  the  failure  area  of 

a  full-scale  fatigue  test  of  an  A-7A  wing  was  available.  The  wing  had 

been  subjected  to  a  ten  level,  blocked  low-high  stress  spectrum. 

Fractographic  measurements  were  taken  from  the  photograph  (Figure  4) , 

making  it  possible  to  generate  a  large  portion  of  the  crack  growth 

curve. Crack  propagation  analyses  were  performed  using  the  computer 

routine  EFFGRO  and  the  Wheeler  Retardation  Model  until  the  analytical 

(7) 

crack  growth  curve  correlated  well  with  the  fractographic  test  data. 
This  correlation  is  presented  in  Figure  5  which  indicates  that  the 
manufacturing  quality  of  the  test  hardware  at  the  failure  location  was 
equivalent  to  an  initial  crack  of  length  a^  =  0.00109  inch.  This 
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excellent  correlation  of  the  analytical  crack  growth  prediction  with  the 
fractographic  test  data  indicates  that  the  Equivalent  Initial  Quality 
Method  was  quite  successful  for  this  particular  problem. 


Figure  4.  A-7A  Wing  Fatigue  Test  Fracture  Surface 


Figure  5.  Equivalent  Initial  Quality  Results  for  A-7A  Wing 
Fatigue  Test  Failure 
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SECTION  3 


APPLICATIONS 


The  first  known  application  of  the  Equivalent  Initial  Quality 

/  Q\ 

Method  occurred  during  the  F/RF-4C/D^  ^  damage  tolerance  and  life 
assessment  program  and  the  method  was  subsequently  used  on  similar 
programs  for  the  F-4E(S)^^^  and  aircraft.  The  objectives  of 

each  program  were  to  define  the  operational  limits  (i.e.,  economic 
repair  limit,  inspection  interval,  and  fracture  limit)  of  the  particular 
aircraft  involved  and  to  provide  modification  and/or  operational  usage 
options  to  meet  8,000  flight  hours,  should  the  predicted  operational 
limits  of  the  aircraft  be  less  than  8,000  flight  hours.  In  order  to 
accomplish  the  above  objectives,  an  assessment  of  the  initial  quality  of 
the  structure  resulting  from  material  and  structural  manufacturing  and 
processing  operations  was  necessary.  This  assessment  was  accomplished 
using  the  Equivalent  Initial  Quality  Method. 

3 . 1  F/RF-4C/D  INITIAL  QUALITY  ASSESSMENT 

The  F/RF-4C/D  damage  tolerance  and  life  assessment  program  was 
conducted  from  Jmie  1973  to  June  1974.  The  program  included  an  initial 
quality  assessment  which  was  accomplished  using  the  fastener  holes  con¬ 
tained  in  the  inner  wing  lower  torque  box  skins  of  a  F-4B/J  full-scale 
fatigue  test  article.  The  F-4B/J  was  manufactured  in  1966,  between  the 
F-4C  and  F-4D  and  is  thus  representative  of  the  F-4C  and  F-4D  aircraft. 
The  fatigue  test  article  was  subjected  to  a  ten  level,  blocked  low-high 
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Three  methods  were  used  to  determine  the  F/RF~AC/D  equivalent 
initial  quality.  These  methods  involved:  (1)  a  combined  crack  pro¬ 
pagation  analysis  and  fractographic  test  data;  (2)  a  combined  crack 
propagation  analysis  and  measured  final  (11,800  hours)  crack  depth  and 
shape;  and  (3)  a  combined  crack  propagation  analysis,  calculated  crack 
depth  at  8,000  hours  and  estimated  crack  shape  based  on  actual  crack 
shapes  in  adjacent  fastener  holes.  The  objective  of  each  method  was  to 
establish  the  actual  or  equivalent  initial  crack  size  at  time  zero 
(start  of  the  test) .  A  total  of  104  cracks  from  fastener  holes  in  the 
F-4B/J  lower  torque  box  skins  were  used  to  establish  the  F/RF-4C/D 
equivalent  initial  quality.  The  104  cracks  from  fastener  holes  in¬ 
cluded:  (1)  21  cracks  with  fractographic  traces  from  11,800  hours;  (2) 
49  cracks  with  measured  crack  depths  at  11,800  hours;  and  (3)  34  cracks 
with  calculated  crack  depths  at  8,000  hours.  The  number  of  holes  and 
the  areas  of  the  lower  torque  box  skins  that  were  analyzed  are  shown  in 
Figure  6. 

3.1.1  Cracks  with  Fractographic  Traces  from  11,800  Hours 

Fractographic  analyses  were  performed  for  21  of  the  largest  cracks 
from  fastener  holes  in  the  F-4B/J  inner  wing  lower  torque  box  skins. 
These  fractographic  analyses  involved  the  use  of  scanning  electron  and 
optical  microscope  techniques  to  obtain  as  much  of  the  crack  growth 
curve  as  possible.  Analytical  crack  propagation  analyses  were  then 
performed  until  there  was  good  agreement  between  the  analytical  pre¬ 
diction  and  the  fractographic  test  data.  Retardation  due  to  peak  loads 
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Figure  6.  F-4B/J  Lower  Torque  Box  Skin 


was  accounted  for  based  on  the  Wheeler  Method. The  Wheeler  retar¬ 
dation  factor,  ra,  used  in  the  final  prediction  was  chosen  to  be  that  m 
which  provided  the  best  correlation  between  the  analytical  prediction 
and  the  fractographlc  test  data.  The  flaw  shape  parameter,  Q,  used  in 
the  predictions  was  determined  from  a  photograph  of  the  actual  crack 
shape.  The  initial  crack  depth  of  the  crack  growth  prediction  which 
correlated  best  with  the  fractographlc  test  data  was  taken  as  the 
equivalent  Initial  quality. 

Figure  7  presents  a  typical  example  of  the  determination  of  the 
equivalent  initial  quality  using  the  above  method.  For  this  particular 
example,  the  retardation  factor  and  flaw  shape  parameter  were  found  to 
be  2.05  and  1.97,  respectively.  This  resulted  in  an  equivalent  initial 
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quality  of  .0029  inch.  A  similar  type  of  analysis  was  performed  for  the 


other  fractographic  traces  with  the  corresponding  crack  growth  para¬ 


meters  shown  in  Table  2 . 


7075-T65I 

ALUMINUM 


\00%  TLL  »  29  0  KSl 
fwAX  -3^  2  KSl 
Q-f.97  m'2.05 

- - FRACTOGRAPHIC  TRACE 

{MICROSCOPIC  EXAMINATION) 

- ANALYSIS 


SPECTRUM  HOURS  (1000  HOURS) 

Figure  7.  Typical  Equivalent  Initial  Crack  Depth  from  Fractographic 
Trace  for  F/RF-4C/D  Aircraft 


HOLE 

NUMBER 

FLAW 

TYPE 

HOLE 

RADIUS, 

r 

GROSS 
STRESS, 
100%  TLL 

BEARING 
STRESS, 
100%  TLL 

60L 

S 

.250 

31.5 

16.0 

120L 

SW 

.156 

32.4 

0 

209L 

DW 

.250 

29.0 

0 

22 IL 

SW 

.125 

32.0 

0 

322L 

SW 

.156 

29.0 

0 

336L 

S 

.125 

32.0 

0 

505R 

S 

.125 

32.0 

0 

517R 

DW 

.125 

30.0 

0 

2143L 

S 

.125 

24.0 

0 

21A9L 

S 

.125 

24.0 

0 

2166L 

SW 

.125 

26.9 

7.7 

2198L 

s 

.125 

26.9 

7.7 

2199L 

s 

.125 

26.9 

7.7 

2:joor 

SW 

.125 

27.0 

0 

2302R 

SW 

.125 

27.0 

0 

2  309L 

D 

.125 

24.0 

0 

2400L 

S 

.125 

32.0 

0 

2404R 

s 

.125 

32.0 

0 

2410R 

D 

.125 

32.0 

0 

2424R 

S 

.125 

32.0 

0 

2425L 

D 

.125 

32.0 

0 

FLAW 

SHAPE 

PARAMETER 

0 

"BEST  FIT" 
RETARDATION 
FACTOR,  m 

MEASURED 
CRACK 
DEPTH,  a 
(INCH) 

EQUIVALENT 
INITIAL  CRACK 
DEPTH,  a. 

(INCH) 

1.73 

3.8 

.032 

.00036 

2.41 

1.5 

.087 

.00250 

1.97 

2.1 

.098 

.00290 

1.32 

1.7 

,023 

.00090 

2.40 

2.0 

.103 

.00470 

1.92 

2.1 

.032 

.00251 

1.48 

2.3 

.035 

.00150 

2.41 

1.8 

.064 

.00360 

'  1.58 

2.2 

.042 

.00540 

1.93 

1.0 

.038 

.00370 

1.60 

2.9 

.063 

.00510 

1.97 

1.7 

.065 

.00220 

1.97 

2.3 

.058 

.00501 

2.28 

1.3 

.040 

.00356 

2.13 

1.4 

,072 

.00370 

1.96 

2.3 

.030 

.00670 

2.41 

1.0 

.135 

.00240 

1.80 

2.5 

.040 

,00254 

2.01 

2.7 

.037 

.00351 

2.40 

2.0 

.034 

,00272 

2.41 

2.2 

.048 

.00383 

NOTES: 

1.  Flaw  Typea:  Single,  S 
Double,  D 

WiJth  Correction,  W 


2.  Fastener  Hole  Numbers  Per  Reference  12. 

Table  2.  Equivalent  Initial  Crack  Depths  from  Fractographic  Traces  for 
F/RF-4C/D  Aircraft 
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3.1.2  Cracks  with  Measured  Crack  Depths  at  11,800  Hours 

Actual  crack  depths  for  49  cracked  fastener  holes  in  the  F-4B/J 

lower  torque  box  skins  were  determined  at  failure  (11,800  hours)  using 

optical  microscope  measurements.  The  flaw  shape  parameter,  Q,  was 

determined  for  each  crack  from  a  photograph  of  the  actual  crack  shape. 

An  average  Wheeler  retardation  factor,  m,  was  used  in  the  predictions 

which  was  based  on  the  peak  spectrum  stress,  f  ,  and  the- flaw  shape 

max 

parameter,  Q.  The  average  retardation  factor  was  obtained  from  Figure 

8,  which  is  based  on  crack  growth. from  element  fatigue  tests,  full-scale 

fatigue  tests,  and  several  different  spectra.  The  material  in  these 

tests  was  7075-T651  aluminum.  The  spectra  included  one  block  spectrum 

(13) 

and  more  than  20  different  flight-by-flight  spectra.  The  initial 

crack  depth  of  the  crack  growth  prediction  which  resulted  in  the  meas¬ 
ured  crack  depth  after  11,800  hours  was  taken  as  the  equivalent  initial 
quality. 


©BLOCK  SPECTRUM -SPECIMENS 
•  BLOCK  SPECTRUM  -  FULL  SCALE  A/C 
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Figure  9  presents  a  typical  example  of  the  determination  of  the 
equivalent  initial  quality  using  the  above  method.  For  this  particular 
example,  the  retardation  factor  and  flaw  shape  parameter  were  found  to 
be  1.891  and  1.97,  respectively.  This  resulted  in  an  equivalent  initial 
quality  of  .0017  inch.  A  similar  type  of  analysis  was  performed  for  the 
other  48  fastener  holes  with  the  resulting  equivalent  initial  crack 
depths  and  the  corresponding  crack  growth  parameters  presented  in 
Table  3. 


3.1.3  Cracks  with  Calculated  Crack  Depths  at  8,000  Hours 


Calculated  crack  depths  for  34  fastener  holes  in  the  F~4B/J  lower 
torque  box  skins  were  determined  that  had  eddy  current  crack  indications 


Figure  9.  Typical  Equivalent  Initial  Crack  Depth  from  Mcaaured  Crack 
for  F/M'-4C/D  Aircraft 
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HOLE 

GROSS 

BEARING 

FLAW 

RADIUS, 

STRESS, 

STRESS , 

SHAPE 

HOLE 

FLAW 

r 

lOOX  TLL 

100%  TLL 

PARAMETER 

type 

(INCH) 

(KSI) 

(KSI) 

_J9 _ 

A9L 

sw 

.125 

32.0 

0 

2.41 

49.  IL 

sw 

.125 

32.0 

0 

1.92 

51L 

sw 

.156 

32.4 

0 

2.41 

51R 

sw 

.156 

32.4 

0 

1.15 

52R 

sw 

.156 

32.4 

0 

1.96 

53R 

DW 

.156 

32.4 

0 

2.41 

SAL 

sw 

.156 

31.5 

0 

2.41 

58R 

sw 

.250 

31.5 

11.3 

1.27 

60R 

s 

.250 

31.5 

16.0 

1.68 

10  LL 

DW 

.156 

31.5 

0 

2.41 

103L 

s 

.156 

31.5 

0 

2.41 

lOAL 

DW 

.156 

31.5 

0 

2.41 

lOAR 

SW 

.156 

31.5 

0 

2.41 

10  5L 

SW 

.156 

31.5 

0 

2.41 

106L 

DW 

.156 

31.5 

0 

2.41 

107L 

DW 

,156 

31.5 

0 

2.41 

119R 

DW 

.156 

32.4 

0 

2.41 

120R 

SW 

.156 

32.4 

0 

2.41 

200R 

DW 

.125 

29.0 

0 

2.41 

205R 

SW 

.156 

29.0 

0 

1.62 

206R 

sw 

.156 

29.0 

0 

2.03 

207R 

sw 

.156 

29.0 

0 

2.07 

209R 

s 

.250 

29.0 

0 

1.97 

213R 

sw 

.125 

32.0 

4.2 

1.79 

218L 

sw 

.125 

32.0 

4.2 

1.97 

222R 

DW 

.125 

32.0 

0 

2.41 

230L 

DW 

.125 

30.0 

0 

2.41 

235R 

DW 

.125 

30.0, 

0 

2,30 

305L 

S 

.125 

31.5 

0 

2.30 

315R 

S 

.125 

31.5 

0 

2.41 

341L 

s 

.125 

32.0 

0 

1.97 

508R 

DW 

.125 

32.0 

0 

1.97 

509R 

S 

.125 

32.0 

0 

1.97 

511R 

SW 

.125 

32.0 

0 

2.41 

516R 

DW 

.125 

32.0 

0 

2.01 

519R 

DW 

.125 

32.0 

0 

2.41 

2135L 

s 

.125 

26.9 

7.7 

1.81 

22UL 

S 

.125 

24.0 

0 

1.75 

2301L 

DW 

.125 

27.0 

0 

2.41 

2301R 

SW 

.125 

27.0 

0 

2.41 

2302L 

SW 

.125 

27.0 

0 

2.41 

2305L 

D 

.125 

27.0 

0 

2.41 

2307L 

S 

.125 

27.0 

0 

2.12 

2310L 

S 

.125 

24.0 

0 

1.46 

2311R 

SW 

.125 

24.0 

0 

2.41 

2400R 

s 

.125 

32.0 

0 

2.41 

2408L 

S 

.125 

32.0 

0 

2.05 

2409R 

S 

.125 

32.0 

0 

2.22 

2428R 

D 

.125 

32.0 

0 

2.41 

NOTES:  1.  Single,  S 
Double,  D 

Width  Correction,  W 

2.  Fastener  Hole  Numbers  Per  Reference  12. 


MEASURED 

EQUIVALENT 

AVERAGE 

CRACK 

INITIAL  CRACK 

RETARDATION 

DEPTH,  a 

DEPTH,  a 

FACTOR,  n  (INCH) 


1.649 

.013 

.00210 

1.920 

.008 

.00153 

1.680 

.048 

.00231 

2.451 

.006 

.00074 

1.925 

.004 

.00140 

1.680 

.020 

.00200 

1.609 

.017 

.00221 

2.510 

.003 

.00007 

3.800 

.010 

.00005 

1.609 

.020 

.00213 

1.609 

.007 

.00218 

1.609 

.022 

.00215 

1.609 

.011 

.00210 

1.609 

.012 

.00212 

1.609 

.030 

.00220 

1.609 

.015 

.00200 

1.680 

.016 

.00194 

1.680 

,016 

.00204 

1.388 

.034 

.00274 

1.890 

.009 

.00159 

1.617 

.013 

.00212 

1.592 

.020 

.00228 

1.655 

.020 

.00238 

2.105 

.005 

.00093 

2.009 

.014 

.00118 

1.649 

.018 

.00202 

1.481 

.025 

.00247 

1.543 

.019 

.00228 

1.668 

.018 

.00238 

1.609 

.034 

.00272 

1.891 

.020 

.00198 

1.891 

.034 

.00170 

1.891 

.046 

.00218 

1.649 

.015 

.00210 

1.868 

.023 

.00168 

1.649 

.027 

.00211 

1.836 

.059 

.00190 

1.305 

.050 

.00385 

1.181 

.009 

.00278 

1.181 

.013 

.00308 

1.181 

,003 

.00225 

1.181 

.022 

.00343 

1.367 

.049 

.00368 

1.553 

.017 

.00260 

.807 

.025 

.00430 

1.649 

.030 

.00260 

1.845 

.021 

.00202 

1.750 

.023 

.00226 

1.649 

.037 

.00250 

Table  3.  Equivalent  Initial  Crack  Depths  from  Measured  Cracks  for 
F/RF-4C/D  Aircraft 
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at  8,000  hours  during  the  F-4B/J  full-scale  fatigue  test.  These  fas 
tener  holes  were  reamed  to  remove  the  cracks  and  oversize  fasteners  were 
installed  prior  to  further  testing.  Since  the  actual  cracks  were 
destroyed  at  8,000  hours,  the  crack  depths  were  estimated  based  on  the 
data  resulting  from  the  reaming  and  eddy  current  information.  Cracks 
were  cleaned  up  in  1/64  inch  diametrical  increments,  until  there  was  no 
eddy  current  indication.  A  calculated  crack  depth  at  8,000  hours  was 
determined  from  Figure  10.  Actual  crack* shapes  at  11,800  hours  in 
adjacent  fastener  holes  were  utilized  to  determine  an  average  flaw  shape 
parameter,  Q,  for  each  analysis  location.  An  average  Wheeler  retarda¬ 
tion  factor,  m,  was  obtained  from  Figure  8  and  was  used  in  the  pre¬ 
dictions.  The  initial  crack  depth  of  the  crack  growth  prediction  which 
resulted  in  the  calculated  crack  depth  after  8,000  hours  was  taken  as 
the  equivalent  initial  quality. 

Figure  11  presents  a  typical  example  of  the  determination  of  the 
equivalent  initial  quality  using  the  above  method.  For  this  particular 
example,  the  retardation  factor  and  flaw  shape  parameter  were  found  to 
be  2.014  and  1.96,  respectively.  This  resulted  in  an  initial  quality  of 
.00198  inch.  A  similar  type  of  analysis  was  performed  for  the  other  33 
fastener  holes  with  the  resulting  equivalent  initial  crack  depths  and 
the  corresponding  crack  growth  parameters  presented  in  Table  4. 
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DIAMETER 

1/64 

n  FINAL  DIA. - - ORIGINAL  DIA. 

^CALCULATED  »  _ 2 _ 

2 

Figure  10.  Calculated  Crack  Depth  from  Reamed  Fastener  Hole 


Figure  11.  Typical  Equivalent  Initial  Crack  Depth  from  Calculated 
Crack  for  F/RF-4C/D  Aircraft 
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HOLE 

GROSS 

RADIUS, 

STRESS, 

HOLE 

FLAW 

r 

100%  TLL 

NUMBER 

TYPE 

(INCH) 

SOL 

DW 

.125 

32.0 

50R 

SW 

.125 

32.0 

55R 

S 

.156 

31.5 

57L 

S 

.250 

31.5 

57R 

SW 

.250 

31.5 

102L 

DW 

.156 

31.5 

102R 

S 

.156 

31.5 

107R 

S 

.156 

31.5 

lllR 

S 

.156 

31.5 

201R 

S 

.125 

29.0 

206L 

S 

.156 

29.0 

207L 

DW 

.156 

29.0 

212L 

SW 

.125 

32.0 

214L 

DW 

.125 

32.0 

214R 

SW 

.125 

32.0 

215L 

DW  . 

.125 

32.0 

216L 

DW 

.125 

32.0 

216R 

DW 

.125 

32.0 

217L 

DW 

.125 

32.0 

217R 

DW 

’  .125 

32.0 

218R 

DW 

.125 

32.0 

219R 

DW 

.125 

32.0 

220R 

SW 

.125 

32.0 

220. 5L 

DW 

.125 

32.0 

220. 5R 

.DW 

.125 

32.0 

232R 

SW 

.125 

30.0 

32 IL 

S 

.156 

29.0 

324L 

S 

.156 

29.0 

32  6L 

S 

.156 

29.6 

338R 

D 

.125 

32.0 

340R 

SW 

.125 

32.0 

342R 

DW 

.125 

32.0 

379R 

S 

.125 

32.4 

390R 

s 

.125 

32.4 

NOTES: 

1.  Flaw  Types: 

"single,  S;  1 

BEARING 
STRESS , 
100%  TLL 
(KSl) 

0 

0 

0 

11.3 

11.3 

0 

0 

0 

0 

0 

0 

0 

4.2 

4.2 

4.2 

4.2 

4.2 

4.2 

4.2 

4.2 

4.2 

4.2 

4.2 

4.2 

4.2 

0 

0 

0 

0 

0 

0 

0 

0 

0 


FLAW 

SHAPE 

PARAMETER 

Q 

1.96 
1.96 
2.03 
1.68 
1.68 
2.41 
2.41 
2.41 
2.41 
2.03 
2.03 
2.03 
1.96 
1.96 
1.96 
1.96 
1.96 
1.96  < 

1.96 
1.96 
1.96 
1.96 
1.96 
1.96 
1.96 
2.31 
2.03 
2.03 
2.03 
1.96 
1.96 
1.96 
2.17 
2.17 


AVERAGE 
RETARDATION 
FACTOR.  IP 


1.897 

1.897 

1.820 

2.291 

2.291 

1.609 

1.609 

1.609 

1.609 

1.617 

1.617 

1.617 

2.014 

2.014 

2.014 

2.014 

2.014 

2.014 

2.014 

2.014 

2.014 

2.014 

2.014 

2.014 

2.014 

1.537 

1.617 

1.617 

1.617 

1.897 

1.897 

1.897 

1.808 

1.808 


W 


MEASURED 
CRACK 
DEPTH,  a 
(INCH) 

.019 

.043 

.005 

.082 

.012 

.005 

.005 

.027 

.027 

.004 

.012 

.036 

.043 

.043 

.035 

.019 

.051 

.035 

.019 

.089 

.058 

.035 

.043 

.089 

.019 

.051 

.114 

.012 

.027 

.012 

.012 

.012 

.004 

.012 


Table  4.  Equivalent  Initial  Crack  Depths  From  Calculated 
F/RF-4C/D  Aircraft 


EQUIVALENT 
INITIAL  CRACK 
DEPTH,  a. 
(INCH) 


.00211 

.00272 

.00025 

.00068 

.00025 

.00210 

.00240 

.00342 

.00342 

.00247 

.00284 

.00299 

.00210 

.00189 

.00198 

.00158 

.00200 

.00178 

.00158 

.00272 

.00210 

.00178 

.00210 

.00272 

.00158 

.00400 

.00662 

.00286 

.00330 

.00210 

.00202 

.00194 

.00195 

.00246 


Cracks  for 


3.1.4  F/RF-4C/D  Distribution  of  Initial  Flaws 

A  F/RF-4C/D  equivalent  initial  crack  depth  statistical  distribution 
was  obtained  from  the  individual  equivalent  initial  crack  depths  estab¬ 
lished  for  each  fastener  hole*  This  equivalent  initial  crack  depth 
statistical  distribution  is  representative  of  the  initial  quality  of  the 
fastener  holes  produced  by  the  particular  material  and  structural  manu¬ 
facturing  and  processing  operations  involved.  A  total  population  of  104 
equivalent  initial  crack  depths  was  ordered  as  shown  in  the  histogram  of 
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Figure  12.  This  histogram  was  used  to  obtain  the  equivalent  initial 
crack  depth  statistical  distribution  presented  in  Figure  13.  It  was 
found  that  a  Johnson  Su  distribution  matched  most  closely  with  the 
equivalent  initial  crack  depth  data. 

In  order  to  utilize  a  finite  sample  size  for  fleet  aircraft  pro¬ 
jections,  a  95%  confidence  distribution  was  established  as  shown  in 
Figure  13.  This  distribution  can  be  used  in  conjunction  with  a  know¬ 
ledge  of  the  number  of  fastener  holes  per  structural  component  which  can 
be  reworked  economically  to  select  the  initial  crack  size  used  to  deter¬ 
mine  the  economic  life  of  the  structural  component.  For  example, 
assume  that  it  is  determined  that  one  out  of  one  thousand  fastener  holes 
can  be  reworked  economically.  Hence,  99.9%  of  the  flaws  are  less  than  the 
equivalent  initial  crack  depth  of  interest.  Figure  13  indicates  that 
with  95%  confidence,  99.9%  of  the  flaws  have  an  equivalent  depth  less 
than  0.01  inch,  or  that  one  out  of  one  thousand  flaws  have  an  equivalent 
depth  equal  to  or  greater  than  0.01  inch.  Hence,  the  initial  crack 
depth  to  be  used  in  the  economic  life  predictions  is  0.01  inch. 


3.2  F-4E(S)  INITIAL  QUALITY  ASSESSMENT 

The  F-4E(S)  damage  tolerance  and  life  assessment  program  was  con¬ 
ducted  from  August  1974  to  May  1975.  The  program  included  an  initial 
quality  assessment  which  was  accomplished  using  the  fastener  holes  con¬ 
tained  in  two  full-scale  fatigue  test  articles.  The  fastener  holes 
consisted  of  F-4E(S)  inner  and  outer  wing  lower  torque  box  skin  reamed 
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EQUIVALENT  INITIAL  CRACK  DEPTH,  Qj  (INCH)  percentage  of  sample 


TOTAL  SAMPLE  SIZE'  n  *104 
MATERIAL  >7075-T65l  ALUMINUM 
Oj* 0.00242  INCH  (MEAN  EQUIVALENT 
INITIAL  CRACK  DEPTH) 

S-0.00II5  INCH  (UNBIASED  STANDARD  OEVIATfON) 
40 


30 


20 


10 


0 

0  .001  .002  .003  .004  .005  .006  .007  .008 

EQUIVALENT  INITIAL  CRACK  DEPTH,  0]  (INCH) 

12.  Equivalent  Initial  Crack  Depth  Histogram  for  F/RF-4C/D  Aircraf 


CUMULATIVE  PERCENTAGE,  P  (PERCENT) 

Figure  13.  Equivalent  Initial  Crack  Depth  Distribution  for 
F/RF-4C/D  Aircraft 


fastener  holes,  F-4E(S)  fuselage  and  inner  wing  trailing  edge  aileron 

closure  skin  drilled  fastener  holes,  and  F-4B/J  inner  wing  lower  torque 

box  skin  reamed  fastener  holes.  The  F~4B/J  initial  quality  results  were 

presented  in  the  previous  section  for  the  F/RF-4C/D  aircraft.  The  F- 

4E(S)  full-scale  fatigue  test  article  was  fatigue  tested  for  10,000 

(14) 

hours  to  the  F-4E(S)-4  points  test  spectrum.  The  material  for  the 

F-4E(S)  inner  and  outer  wing  lower  torque  box  skins  was  7075-T651 
aluminum  while  the  material  for  the  F-4E(S)  fuselage  and  inner  wing 
trailing  edge  aileron  closure  skins  was  7178-T6  aluminum.  A  fatigue 
test  strain  survey  and  a  finite  element  computer  program  were  utilized 
to  determine  the  stress  levels  at  the  locations  being  analyzed.  Reamed 
fastener  holes  inspected  during  the  F-4E(S)  fuir-scale  fatigue  test 
article  teardown  at  10,000  hours  included  all  lower  inner  wing  torque 
box  skin  fastener  holes  and  all  primary  outer  wing  lower  torque  box  skin 
fastener  holes.  Drilled  fastener  holes  inspected  during  the  teardown 
included  all  primary  fuselage  and  inner  wing  trailing  edge  fastener 
holes  and  all  inner  wing  lower  torque  box  integral  stiffener  fastener 
holes.  All  cracks  that  were  detected  by  NDT  techniques  were  exposed  and 
evaluated.  In  addition,  fastener  holes  that  were  likely  candidates  for 
cracks  were  bisected  and  examined  by  optical  microscope  even  if  no  NDT 
crack  indications  existed.  Metallurgical  investigations  of  the  flaw 
origins  revealed  that  the  flaws  were  the  result  of  various  mechanical 
sources. 


Two  methods  were  used  to  determine  the  equivalent  initial  quality 
for  the  F-4E(S)  full-scale  fatigue  test  article.  These  methods  involved 


(1)  a  combined  crack  propagation  analysis  and  f ractographic  test  data 
and  (2)  a  combined  crack  propagation  analysis  and  measured  final  (10,000 
hours)  crack  depth  and  shape.  The  objective  of  each  method  was  to 
establish  the  actual  or  equivalent  initial  crack  size  at  time  zero 
(start  of  the  test). 

For  the  reamed  fastener  holes,  a  total  of  104  cracks  in  the  F-4B/J 
inner  wing  lower  torque  box  skins  and  a  total  of  51  cracks  in  the  F- 
4E(S)  inner  and  outer  wing  lower  torque  box  skins  were  used  to  establish 
the  F~4E(S)  reamed  hole  equivalent  initial  quality.  The  51  F-4E(S) 
cracks  included  25  cracks  with  f ractographic  traces  from  10,000  hours 
and  26  cracks  with  measured  crack  depths  at  10,000  hours*  For  the 

drilled  fastener  holes,  a  total  of  75  cracks  in  the  F-4E(S)  center 
fuselage  and  the  inner  wing  trailing  edge  aileron  closure  skins  were 
used  to  establish  the  F-4E(S)  drilled  hole  equivalent  initial  quality. 

The  75  cracks  included  34  cracks  with  f ractographic  traces  from  10,000 
hours  and  41  cracks  with  measured  crack  depths  at  10,000  hours.  A 
summary  of  the  data  base  for  the  drilled  and  reamed  equivalent  initial 
crack  depth  distributions  is  shown  in  Table  5. 


3.2.1  Cracks  with  Fractographic  Traces  from  10,000  Hours 

Fractographic  analyses  were  performed  for  25  of  the  largest  cracks 
from  reamed  fastener  holes  in  the  F-4E(S)  inner  and  outer  wing  lower 
torque  box  skins  and  for  34  of  the  largest  cracks  from  drilled  fastener 
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REAMED 

DRILLED 

Full 

Scale 

Test 

Article 

Fractographic 

Traces 

Measured 

Crack 

Depths 

Calculated 

Crack 

Depths 

TOTAL 

Fractographic 

Traces 

Measured 

Crack 

Dep  ths 

TOTAL 

P-4B/J 

21 

49 

34 

— 

— 

— 

— 

F-4B(S) 

25 

26 

_ 

34 

41 

75 

46 

75 

34 

155 

34 

41 

75 

155  Reamed  Fastener  Holes 
75  Drilled  Fastener  Holes 

230  Total  Equivalent  Initial  Crack  Depths 

Table  5.  Equivalent  Initial  Crack  Depth  Data  Base  for  F-4E(S)  Aircraft 

holes  in  the  F-4E(S)  center  fuselage  and  aileron  closure  skins.  These 
fractographic  analyses  involved  the  use  of  scanning  electron  and  optical 
microscope  techniques  to  obtain  as  much  of  the  crack  growth  curve  as 
possible.  Analytical  crack  propagation  analyses  were  then  performed 
until  there  was  good  agreement  between  the  analytical  prediction  and 
the  fractographic  test  data.  Retardation  due  to  peak  loads  was  accounted 
for  based  on  the  Wheeler  Method.  The  retardation  factor,  m,  used  in 
the  final  prediction  was  chosen  to  be  that  m  which  provided  the  best 
correlation  between  the  analytical  prediction  and  the  fractographic  test 
data.  The  flaw  shape  parameter,  Q,  used  in  the  predictions  was  deter¬ 
mined  from  a  photograph  of  the  actual  crack  shape.  The  initial  crack 
depth  of  the  crack  growth  prediction  which  correlated  best  with  the 
fractographic  test  data  was  taken  as  the  equivalent  initial  quality. 

Figure  14  presents  a  typical  example  of  the  determination  of  the 
equivalent  initial  quality  using  the  above  method.  For  this  particular 
example,  the  retardation  factor  and  flaw  shape  parameter  were  found  to 
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Figure  14.  Typical  Equivalent  Initial  Crack  Depth  from  Fractographic 
Trace  for  F--4E(S)  Aircraft 


be  .45  and  1.93,  respectively.  This  resulted  in  an  equivalent  initial 
quality  of  .00168  inch.  A  similar  analysis  was  performed  on  other 
fractographic  traces  with  corresponding  crack  growth  parameters  as  shown 
in  Table  6  for  reamed  fastener  holes  and  in  Table  7  for  drilled  fastener 
holes. 


3.2.2  Cracks  with  Measured  Crack  Depths  at  10,000  Hours 

Actual  crack  depths  for  26  cracked  reamed  fastener  holes  in  the  F- 
4E(S)  inner  and  outer  wing  lower  torque  box  skins  and  41  cracked  drilled 
fastener  holes  in  the  F-4E(S)  center  fuselage  and  aileron  closure  skin 
were  determined  at  10,000  hours  using  optical  microscope  measurements. 
The  flaw  shape  parameter,  Q,  was  determined  for  each  crack  from  a 
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HOLE 

GROSS 

BEARING 

FLAW 

RADIUS, 

STRESS 

STRESS 

SHAPE 

HOLE 

FLAW 

r 

100%  TLL 

100%  TLL 

PARAMETER 

NUMBER 

TYPE 

(INCH) 

(KSI) 

(KSI) 

0 

128R 

SW 

.265 

24.4 

21.8 

1.93 

129R 

SW 

.265 

24.4 

21.8 

1.93 

130R 

SW 

.265 

24.4 

21.8 

1.93 

13 IR 

SW 

.265 

24.4 

21.8 

1.93 

144R 

s 

.172 

21.6 

12.5 

1.72 

336R 

s 

.140 

22.9 

6.0 

1.93 

339R 

s 

.140 

22.6 

5.7 

1.84 

346R 

s 

.140 

21.8 

2.6 

1.93 

378R 

s 

.140 

21.9 

10.0 

1 . 68 

409R 

s 

.172 

21.2 

6.4 

2.43 

2i00R 

SW 

.132 

20.6 

17.1 

1.93 

2102L 

SW 

.132 

17.3 

15.8 

1.93 

2106R 

SW 

.132 

16.3 

16.2 

1,93 

2107L 

SW 

.132 

16.2 

15.8 

1.93 

2110R 

SW 

.132 

13.3 

15.1 

1.93 

2206R 

SW 

.132 

13.0 

12.8 

1.93 

2300L 

SW 

.125 

21.6 

2.9 

2.42 

2308L 

SW 

.125 

20.2 

2.1 

1.93 

2312L 

SW 

.125 

20.2 

6.5 

1.93 

2320L 

SW 

.125 

19.7 

.9 

1,93 

2580L 

SW  • 

.125 

11.6 

40.0 

2.42 

2580R 

SW 

.125 

11.6 

40.0 

1.93 

5022R 

SW 

.125 

13.3 

0.0 

1.71 

5040R 

DW 

.125 

18.3 

0.0 

1.97 

5060R 

•  SW 

.125 

13.1 

0.0 

1,80 

MEASURED 


"BEST  FIT" 
RETARDATION 
FACTOR,  m 

CRACK 
DEPTH,  a 
(INCH) 

6.00 

.0399 

6.00 

.0362 

2,20 

.1776 

4.50 

.0366 

1.10 

.1081 

1.70 

.0376 

.55 

.1088 

.45 

.0487 

1.50 

.0544 

.80 

.0408 

.45 

.1205 

.90 

.0670 

.00 

.0425 

.30 

.0947 

.10 

.0570 

.00 

.0345 

.70 

.0363 

.00 

.0985 

.00 

,0726 

.00 

.0450 

2.40 

.0486 

1.96 

.0611 

.20 

.0586 

.70 

.1312 

.50 

.0522 

EQUIVALENT 
INITIAL  CRACK 
DEPTH,  a 
(INCH) 


.00305 

.00296 

.00181 

.00206 

.00209 

.00331 

.0028A 

.00379 

,00223 

.00376 

.00168 

.00279 

.00213 

.00295 

.00407 

.00444 

.00645 

.00682 

.00491 

.00616 

.00227 

.00140 

.00140 

.00110 

.00170 


NOTES:  1.  Flaw  Types: 


Single,  S 
Double,  D 

Width  Correction,  W 


2.  Fastener  Hole  Numbers  Per  Reference  14. 


Table  6.  Equivalent  Initial  Crack  Depths  for  Reamed  Holes  from 
Fractographic  Traces  for  F-4E(S)  Aircraft 


fUSEUCK 

OR  WING 

FUSELAGE 

HOLS 

RADIUS 

CROSS 
STRESS , 

STATION 

OR  WING 

FLAW 

r 

lOOX  TLL 

OF  HOLE 

LOCATION 

TTPE 

(INCH) 

...(KSI),,,, 

rs  289.5 

L/H  Skin  e  STB  1 

DW 

.095 

12,0 

rs  291 

L/H  Skin  e  STR  X 

DW 

.095 

18.0 

FS  359.7 

L/H  Skin  @  STR  1 

SW 

*095 

10.9 

FS  267.5 

B/H  Skin  0  STR  1 

SW 

.095 

12.1 

FS  269,1 

R/H  Skin  0  STR  1 

SW 

.095 

12.1 

PS  283.0 

R/ll  Skin  e  STR  1 

SW 

.095 

12.2 

FS  288-2 

R/H  Skin  @  STR  1 

DW 

,095 

12.0 

rs  368.0 

L/H  Skin  0  STR  3 

s 

.095 

11.0 

FS  307.0 

R/H  Skin  0  STR  4 

D 

.095 

18.5 

FS  254,0 

L/H  STR  X 

DW 

.100 

18.0 

FS  266.7 

L/H  STR  1 

S 

.100 

15.0 

FS  268.9 

L/H  STR  1 

DW 

.095 

15.0 

FS  276.6 

L/H  STR  1 

DU 

.095 

11.3 

FS  283<S 

L/H  STR  1 

DW 

.100 

12.1 

FS  313.5 

L/H  STR  1 

DW 

.095 

15.2 

PS  316.1 

L/H  STR  1 

S 

.078 

15.2 

PS  261.6 

K/H  STR  1 

DW 

.100 

13.8 

PS  268.9 

R/H  STR  1 

DW 

.095 

12.1 

PS  271.1 

R/H  STK  1 

SW 

.100 

13.9 

FS  275.5 

R/H  STR  1 

DU 

.095 

11.3 

FS  280.0 

R/H  STR  1 

DW 

.095 

11,7 

PS  290.5 

R/H  STR  1 

DW 

.095 

15.0 

FS  271.2 

L/H  STR  3 

SW 

.095 

22.4 

FS  269. B 

R/H  STR  3 

s 

.100 

14.0 

FS  289.0 

R/H  STR  3 

D 

.125 

15.0 

FS  304. 0 

R/H  SIR  4 

S 

.128 

18.5 

FS  304.0 

R/H  STR  4 

DW 

.050 

18.5 

FS  330. 0 

L/H  STR  5 

DW 

.095 

17.0 

FS  271.0 

L/H  STR  6 

S 

.095 

15.0 

FS  249 

R/H  Up.  Long 

DW 

.160 

11.9 

XA  147:0 

L/H  AIL  CL  Skin 

D 

.125 

16.2 

RA  147i0 

L/H  AIL  CL  Skin 

D 

,078  . 

16.0 

XA  I33i0 

R/H  AIL  CL  Skiii 

D 

.125 

16.2 

XA  147.0 

R/H  AIL  CL  Skin 

D 

.125 

16.2 

KtffEr^TrTlaw^Vp««  TlngUi  Hi  Double,  Width 


BEARING 
STRESS , 
1002  TLL 
(KSI) 

FLAW 

SHAPE 

PARAMETER, 

0 

••BEST  FIT" 
RETARDATION 
FACTOR,  n 

MEASURED 
CR»\CK 
DEPTH,  a 
(INCH) 

EQUIVALENT 
INITIAL 
CR.ACK 
DEPTH,  a, 
(INCH) 

36.0 

1.91/1.00 

.75 

.2473 

.00110 

40.4 

1.00 

2.30 

.6310 

.00056 

.0 

1.91 

.00 

.  1028 

.00573 

32.4 

1.91/1.00 

.00 

,2330 

.00222 

29.0 

1.91/1.00 

.00/0.25 

.1800 

.00299 

30.5 

1,60/1,00 

.00/0.80 

.1728 

.00169 

33.0 

1.70/1.00 

.90/1.00 

.1288 

.00105 

28.7 

1,00 

.40 

.2030 

.00109 

14.4 

1.50/1.00 

,00 

.  .4557 

.00125 

20.0 

1.97/1.00 

.30/1.50 

*'  .3324 

.00187 

30.0 

1.97/1,00 

.00/0.50 

.3032 

.00241 

30.0 

1.97/1.00 

.50 

.2934 

.00141 

55.8 

1.97/1.00 

1.70 

.3030 

.00092 

40.3 

1.97/1.00 

1,68/1.00 

.4164 

.00130 

31.7 

1.97/1.00 

.30 

.3205 

.00144 

31.7 

1.97 

.95 

.057? 

.00105 

24.1 

1.97/1.00 

.63/2.00 

.2230 

.00236 

40.0 

1.97/1.00 

.30/2.17 

.3157 

.00)55 

37.4 

1.97/1.00 

.50/1.00 

.2058 

.00143 

45.0 

1.97/1.00 

2.00 

.3147 

.00129 

*  40.0 

1.97/1.00 

1.70 

.3038 

.00257 

38.0 

1.97/1.00 

2.00 

.3007 

.00125 

38.1 

1.22/1.00 

2.39/2.80 

.2818 

.00061 

23.6 

1.20/1.00 

.00 

.2756 

.00184 

25.0 

1.97 

.79 

.2721 

.00143 

14.4 

1.97/1.00 

.50/0.00 

.4900 

.00234 

.0 

1.20/1.00 

.75/1.00 

.308? 

.00454 

19.5 

1.97/1.00 

.80 

.1.370 

.00148 

35.0 

1.78/1.00 

.00 

.2915 

.00175 

.0 

li9l 

.00 

.3350 

.00206 

.0 

iioo 

.50 

,  3338 

.00350 

40.0 

1.00 

2i04 

.346U 

.00146 

.0 

liOO 

.90 

.1456 

‘ .00215 

.0 

i.oo 

,25 

.329? 

.00289 

.  M 


Table  7.  Equivalent  Initial  Crack  Depths  for  Drilled  Holes  from 
Fractographic  Traces  for  F-4E(S)  Aircraft 


26 


photograph  of  the  actual  crack  shape.  An  average  Wheeler  retardation 
factor  (Figure  8)  was  used  in  the  predictions  which  was  based  on  the 
peak  spectrum  stress,  and  the  flaw  shape  parameter,  Q.  The 

initial  crack  depth  of  the  crack  growth  prediction  which  resulted  in  the 
measured  crack  depth  after  10,000  hours  was  taken  as  the  equivalent 
initial  quality. 

Figure  15  presents  a  typical  example  of  the  determination  of  the 
equivalent  initial  quality  using  the  above  method.  For  this  particular 
example,  the  retardation  factor  and  flaw  shape  parameter  were  found  to 
be  1.167  and  1.93,  respectively.  This  resulted  in  an  equivalent 
initial  quality  of  .00197  inch.  Tables  8  and  9  present  the  resulting 
equivalent  initial  crack  depths  and  the  corresponding  crack  growth 
parameters  for  the  26  cracked  reamed  fastener  holes  and  the  41  cracked 
drilled  fastener  holes,  respectively. 
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Figure  15.  Typical  Equivalent  Initial  Crack  Depth  from  Measured 
Crack  for  F-4E(S)  Aircraft 
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HOLE 

GROSS 

BEARING 

RADIUS, 

STRESS, 

STRESS, 

HOLE 

FLAW 

r 

100%  TLL 

100%  TLL 

NUMBER 

TYPE 

(INCH) 

(KSI) 

.1ksijl_ 

129L 

SW 

.265 

24.4 

21.8 

130L 

s 

.265 

24.4 

21.8 

131L 

SW 

.265 

24.4 

21.8 

134R 

s 

.172 

22.6 

5.7 

141R 

s 

.172 

21.6 

12.5 

143R 

s 

.172 

21.6 

12.5 

14  5R 

s 

.172 

21.6 

12.5 

146R 

s 

.172 

21.6 

12.5 

272R 

s 

.156 

21.2 

6.4 

333R 

s 

.140 

20.6 

17.1 

337R 

s 

.140 

22.9 

6.0 

34 IL 

s 

.140 

22.6 

5.7 

379R 

s 

.140 

21.9 

10.0 

2109L 

SW 

.132 

13.3 

15.1 

2207R 

SW 

.132 

13.0 

12.8 

2309L 

SW 

.125 

20.2 

2.1 

231BL 

SW 

.125 

20.2 

6.5 

2442L 

s 

.125 

17.9 

12.8 

5019L 

SW 

.125 

13.3 

0.0 

5019R 

SW 

.125 

13.3 

0.0 

5037L 

SW. 

.125 

18.3 

0.0 

5037R 

.  SW 

.125 

18.3 

0.0 

5040L 

SW 

.125 

18.3 

0.0 

5067L 

DW 

.125 

13.1 

0.0 

5239L 

D 

.125 

19.5 

23.9 

5239R 

s 

.125 

19.5 

23.9 

FLAW 

MEASURED 

EQUIVALENT 

SHAPE 

AVERAGE 

CRACK 

INITIAL  CRACK 

PARAMETER 

RETARDATION 

DEPTH,  a 

DEPTH, 

_  FACTOR ,  n  qNCH)  (INCH) 


1.93 

6.000 

.051 

.00360 

1.93 

1.918 

.010 

.00135 

1.93 

4.500 

.085 

.00289 

1.93 

.787 

.002 

.00166 

1,93 

1.167 

.011 

.00189 

2.18 

.956 

.004 

,00193 

1.93 

1.167 

.019 

.00197 

1.31 

1.701 

.005 

.00124 

1.93 

,637 

.006 

.00205 

1.23 

1.906 

.004 

.00103 

2.43 

.400 

.017 

.00299 

2.43 

.332 

.017 

.00311 

1.93 

1.030 

.008 

.00193 

1.65 

.492 

.022 

.00270 

1.79 

.000 

.022 

.00353 

2.43 

.000 

.009 

.00476 

2.43 

.000 

.019 

.00535 

2.25 

.413 

.018 

.00257 

1.37 

.000 

.004 

.00060 

1.97 

.000 

.044 

.00110 

1.65 

.000 

.027 

.00030 

1.72 

.000 

.046 

.00040 

1.97  - 

.000 

.058 

.00080 

1.97 

.000 

.047 

.00140 

1.18 

2.320 

.008 

.00070 

1.79 

1,950 

.024 

.00110 

NOTES:  1.  Flaw  Types:  Single,  S;  Double,  D;  Width  Correction.  W 
2.  Fastener  Hole  Numbers  Per  Reference  14 


Table  8.  Equivalent  Initial  Crack  Depths  for  Reamed  Holes  from  Measured 
Cracks  for  F-4E(S)  Aircraft 


roSOACE 
STATION 
HP  HOT  P 

FUSELAGE 

OF  WING 
LOCATION 

FLAW 

type 

HOLE 

RADIUS, 

r 

flHCH) 

CROSS 
STRESS . 
100%  TLL 

BEARING 
STRESS . 
100%  TLL 
asi) 

FLAW 

SHAPE 

PARAMETER 

0 

AVERAGE 
RETARDATION 
FACTOR,  m 

MEASURED 
CRilCK 
DEPTH,  a 
(INCH) 

EQUIVALENT 
INITIAL 
CRACK 
DEPTH,  a. 
(INCH) 

FS  324.5 

L/H  Skin  @  STR  1 

SW 

.095 

11.4 

36.2 

1.91 

.433 

.041 

.00103 

FS  251.5 

R/H  Skin  0  STR  1 

SW 

.095 

12.6 

29.7 

1.00 

1.090 

.059 

,00080 

FS  259,5 

R/H  Skin  ^  STR  1 

SW 

.095 

12.4 

30.4 

1.91/1.00 

.176/1.123 

.080 

.00149 

FS  266.6 

R/H  Skin  9  STR  I 

SW 

.095 

12.3 

31.1 

1,91/1.00 

.225/1.156 

.128 

.00271 

FS  268. J 

R/H  Skin  6  STR  I 

SW 

.095 

12.3 

31,2 

1.91/1.00 

.235/1.163 

.102 

.00174 

*  PS  268.2 

L/H  STR  1 

SW 

.100 

15.0 

30.0 

1.97/1.00 

.469/1.466 

.161 

.00162 

FS  271.2 

L/H  STR  1 

SW 

.100 

13.9 

37.3 

1,97/1.00 

,916/1.767 

.100 

.00116 

FS  271.9 

L/H  STR  1 

SW 

.100 

13.9 

37.3 

1.31/1.00 

1.558/1.767 

.229 

.00404 

FS  273.5 

L/H  STR  1 

SW 

.100 

12.5 

43.0 

1.97/1.00 

1.142/1.907 

.161 

.00123 

FS  275.0 

L/H  STR  1 

SW 

.100 

11.5 

45.0 

1.97/1.00 

1.364/1.903 

,163 

.00365 

FS  279.3 

L/H  STR  1 

SW 

.100 

11.7 

46.0 

1.85/1.00 

1.273/1.884 

.100 

.00094 

FS  302.9 

L/H  STR  1 

SW 

.125 

13.7 

32.5 

1.97/1.00 

.371/1,352 

.256 

.00173 

FS  304.4 

L/H  STR  1 

SW 

.125 

13.9 

32.5 

1,97/1.00 

.401/1.379 

.071 

.00117 

FS  304.6 

L/H  STR  1 

SW 

.100 

13.9 

32.5 

2.19/1.00 

.131/1.379 

.044 

.00114 

FS  307.0 

L/H  STR  1 

SW 

.100 

14.2 

32.0 

1-97 

.408 

.030 

.00103 

PS  314.4 

L/H  STR  1 

DW 

.100 

15.0 

32.0 

1.97/1.00 

,852 

.025 

.00093 

FS  315.1 

L/H  STR  1 

su 

.100 

15.5 

32,0 

2. 00/1. 00 

,551/1.554 

.034 

.00098 

PS  315.5 

L/H  STR  1 

SW 

.083 

15.5 

32.0 

i.9? 

.587 

.042 

.00094 

FS  253.5 

n/H  STR  1 

SW 

.100 

15.5 

20.0 

i.97 

,oou 

,J04 

.00198 

FS  256i6 

R/H  STR  3 

SW 

.100 

17.0 

23.0 

ii97/l,00 

,123/1.277 

,095 

.00136 

F$  260.^ 

R/H  STR  1 

8W 

.100 

16.0 

2h.d 

3,76 

,710 

.040 

.00107 

FS  260.8 

R/H  StK  1 

SW 

.100 

16.0 

29.5 

2,00/1.00 

,535/1.564 

.142 

.00132 

FS  269. 5 

R/H  STR  1 

SW 

.too 

12,5 

39.0 

1*97 

.861 

.025 

.00105 

FS  270.3 

R/H  SIR  1 

SW 

.100 

12,5 

3B.5 

1.97/1,00 

,82  J/i.666 

.156 

.00214 

FS  273,3 

R/H  STR  1 

SW 

.100 

12.5 

41.0 

1,97/1.00 

,500/1.00 

.201 

.00143 

FS  274.0 

R/H  STR  1 

SW 

.100 

12.5 

42.5 

1.97/1.00 

,500/1.00 

.204 

.00133 

FS  292.8 

R/H  STR  1 

SW 

.100 

12.0 

35.0 

1.97/1,00 

.339/1.203 

.094 

.00122 

FS  262.6 

L/H  STR  3 

su 

.095 

14.2 

22.1 

1,97 

.000 

.077 

.00211 

FS  263.4 

L/H  STR  3 

SW 

.095 

14.2 

22.3 

1,97/1.00 

.000/0.763 

.114 

.00317 

.  FS  270.2 

L/H  STR  3 

SW 

.095 

18.2 

30.8 

1.97/1.00 

,961/1.889 

.211 

.00158 

'  rs  270.2 

L/H  STR  3 

SW 

.095 

18.2 

30.8 

1,97/1.00 

.961/1.889 

.188 

,00137 

FS  272.4 

L/H  STR  3 

su 

.095 

18.2 

30.8 

1,97/1.00 

.961/1.889 

.185 

.00136 

FS  273.6 

L/H  STR  3 

SW 

.095 

13.9 

24.3 

1.97/1.00 

.000/0.882 

.115 

.00268 

FS  275.0 

WH  STR  3 

SW 

.095 

13.9 

24.6 

1,97 

.000/0.907 

.110 

.00245 

FS  2?6.6 

L/H  STR  3 

DW 

.095 

13.8 

24.9 

1.89 

.154 

.047 

.00129 

FS  282.4 

L/H  STR  3 

SW 

.095 

13.7 

26.2 

1,55 

.367 

.043 

.00104 

FS  286,0 

L/H  STR  3 

SW 

,095 

13.6 

26,9 

1.85 

.000 

.080 

.00126 

PS  303.0 

R/H  STR  3 

SW 

.095 

13.2 

29,8 

1.53 

.658 

.034 

.00095 

PS  304.2 

R/H  STR  3 

SW 

.095 

13.2 

29.8 

1.97/1.00 

,031/1.090 

.117 

.00129 

FS  299.0 

R/H  STR  4 

SW 

.120 

17.4 

14.4 

1,97/1.00 

,000/0.527 

.091 

.00173 

FS  301.0 

R/H  STR  4 

SW 

.128 

17.4 

14.4 

1,97/1.00 

.000/0.527 

.166 

.00187 

HOTFSi  SlngU,  St  Double* 

Width  CorroctloH* 

W 

Table  9.  Equivalent  Initial  Crack  Depths  for  Drilled  Holes  from 
Measured  Cracks  for  F-4E(S)  Aircraft 
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3.2.3  F-4E(S)  Distributions  of  Initial  Flaws 


A  F-4E(S)  equivalent  initial  crack  depth  statistical  distribution 
was  obtained  for  reamed  fastener  holes  as  well  as  for  drilled  fastener 
holes.  The  distributions  were  obtained  from  the  individual  equivalent 
initial  crack  depths  established  for  each  fastener  hole.  These  equiva¬ 
lent  initial  crack  depth  statistical  distributions  are  representative  of 
the  initial  quality  of  the  fastener  hole§  produced  by  the  particular 
material  and  structural  manufacturing  and  processing  operations  in¬ 
volved.  The  material  for  the  reamed  fastener  holes  was  7075-T651 
aluminum  while  the  material  for  the  drilled  fastener  holes  was  7178-T6 
aluminum. 

The  total  population  of  155  initial  flaws  for  reamed  fastener  holes 
consisted  of  104  initial  flaws  from  the  F-4B/J  full-scale  fatigue  test 
article,  which  was  previously  presented  for  the  F/RF-4C/D  aircraft,  and 
51  initial  flaws  from  the  F-4E(S)  full-scale  fatigue  test  article.  The 
total  population  of  155  initial  flaws  was  ordered  as  shown  in  the 
histogram  of  Figure  16.  This  histogram  was  used  to  obtain  the  equiva¬ 
lent  Initial  crack  depth  statistical  distribution  presented  in  Figure 
17.  It  was  found  that  a  Johnson  Su  distribution  matched  most  closely 
with  the  equivalent  initial  crack  depth  data  for  the  reamed  fastener 
holes.  Similarly,  the  total  population  of  75  initial  flaws  for  drilled 
fastener  holes  resulted  from  the  F-4E(S)  full-scale  fatigue  test  article  and 
was  ordered  as  shown  in  the  histogram  of  Figure  IB.  This  histogram  was 
used  to  obtain  the  equivalent  initial  crack  depth  statistical  distri- 
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bution  presented  in  Figure  19.  It  was  found  that  a  Johnson  Sg  dis¬ 
tribution  matched  most  closely  with  the  equivalent  initial  crack  depth 
data  for  the  drilled  fastener  holes.  In  order  to  utilize  the  finite 
sample  size  distributions  for  fleet  aircraft  projections,  95%  confidence 
distributions  were  also  established  for  reamed  and  drilled  fastener 
holes  in  Figures  17  and  19,  respectively. 


TOTAL  SAMPLE  SIZE  =  n*  155 
MATERIAL iTOTS-TeSI  ALUMINUM 

iwrw  fMPANI  POUIVALENT 


EQUIVALENT  INITIAL  CRACK  DEPTH, Qj  (INCH) 

Figure  16.  Equivalent  Initial  Crack  Depth  Histogram  for  Reamed  Holes 
for  F-4E(S)  Aircraft 
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EQUIVALENT  INITIAL  CRACK  DEPTH,  a,  (INCH) 


(34)  TOTAL  SAMPLE  SIZE  •  n -75 


EQUIVALENT  INITIAL  CRACK  DEPTH,  Oj  (INCH) 


Figure  18.  Equivalent  Initial  Crack  Depth  Histogram  for  Drilled 
Holes  for  F-4E(S)  Aircraft 


Figure  19.  Equivalent  Initial  Crack  Depth  Distribution  for  Drilled 
Holes  for  F-4E(S)  Aircraft 


Figure  20  illustrates  the  effect  of  adding  the  equivalent  initial 
crack  depths  of  the  51  F-4E(S)  cracked  reamed  fastener  holes  to  the  dis 
tribution  of  equivalent  initial  crack  depths  for  104  F-4B/J  cracked 
reamed  fastener  holes  used  to  represent  the  F/RF-4C/D  initial  quality. 
The  addition  of  the  51  F-4E(S)  initial  flaws  yields  a  greater  proba¬ 
bility  of  large  equivalent  initial  crack  depths.  For  example,  the  F/RF 
4C/D  equivalent  initial  crack  depth  (104  flaws)  distribution  indicates 
that  99.98%  of  the  equivalent  initial  crack  depths  are  less  than  .01 
inch  while  the  F-4e(S)  equivalent  initial  crack  depth  (155  flaws) 
distribution  indicates  that  99.95%  of  the  equivalent  initial  crack 
depths  are  less  than  .01  inch. 
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4  2  3  1 


Figure  20.  Comparison  of  Reamed  Fastener  Hole  Distributions  for 
F-4E(S)  and  F-4B/J  Fatigue  Test  Articles 


Figure  21  presents  a  comparison  of  the  F-4E(S)  equivalent  initial 
crack  depth  distributions  for  reamed  and  drilled  fastener  holes.  It  can 
be  seen  that  with  95%  confidence,  the  reamed  and  drilled  fastener 
holes  have  approximately  the  same  cumulative  percentage  at  .01  inch. 
However,  a  greater  probability  of  occurrence  exists  for  drilled  fastener 
holes  for  equivalent  initial  crack  depths  greater  than  .01  inch. 
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Figure  21.  Comparison  of  Drilled  and  Reamed  Fastener  Hole  Distributions 
for  F-4E(S)  Aircraft 


3.3  A-7D  INITIAL  QUALITY  ASSESSMENT 

The  A-7D  damage  tolerance  and  life  assessment  program  was  conducted 
from  September  1974  to  January  1977.  The  program  included  an  initial 
quality  assessment  which  was  accomplished  using  the  fastener  holes  con¬ 
tained  in  test  specimens  cut  from  the  lower  wing  skin  of  an  A-7D  pro¬ 
duction  airplane.  The  specimens  were  subjected  to  a  known  load  history, 
resulting  in  fatigue  crack  initiation  and  propagation.  The  location  of 
each  specimen  in  the  lower  wing  skill  is  illustrated  in  Figure  22.  Each 
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specimen  was  made  of  7075-T6  aluminum  and  contained  multiple  holes.  The 
geometric  details  for  each  specimen  are  presented  in  Table  10 » indicating 
that  the  thickness  ranged  from  approximately  3/16  inch  to  1/4  inch  and 
the  nominal  values  of  the  width  and  hole  diameter  were  3  inches  and  1/4 
inch,  respectively.  The  specimens  contained  two  types  of  holes,  counter¬ 
sunk  holes  (wet  wing  region)  and  straight  shank  holes  (dry  wing  region) . 

The  test  specimens  were  subjected  to  a  fatigue  stress  spectrum  con¬ 
sisting  of  5,000  cycles  with  a  maximum  stress  of  20  ksi  and  a  stress 
ratio  of  0.1  followed  by  100  cycles  with  a  maximum  stress  of  30  ksi  and 
a  stress  ratio  of  0.1.  The  block  spectrum  was  chosen  because  it  pro¬ 
duced  test  lives  of  reasonable  length  (less  than  20  blocks)  and  fracture 
surfaces  which  were  readily  readable. 


Figure  22.  A-7D  Quality  Assessment  Specimen  Locations 
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SPECIMEN 

THICKNESS 

WIDTH 

HOLE 

DIAMETER 

101 

0.226 

2.93 

0.253^) 

201 

0.226 

2.93 

0.253*'* 

301 

0.217 

3.00 

0.253*'* 

401 

0.231 

3,00 

0.253*'* 

501 

0.183 

2.9 

0.253*2* 

502 

0.176 

3.00 

0.253*2* 

601 

0.263 

3.00 

0.253*2* 

602 

0.264 

3.00 

0.253*2* 

COUNTERSUNK  HOLE 


STRAIGHT 

SHANK 

HOLE 


Table  10.  Geometric  Details  of  A-7D  Quality  Assessment  Specimens 


Table  11  contains  a  summary  of  the  number  of  fastener  holes  in¬ 
volved,  the  number  of  flaws  detected,  the  number  of  flaws  f ractographi- 
cally  examined,  the  crack  length  range  at  the  time  of  specimen  failure 
and  the  equivalent  initial  quality  range.  All  but  two  of  the  44  holes 
contained  double  flaws.  One  of  these  two  holes  contained  one  crack 
while  no  crack  was  detected  in  the  other  hole.  This  resulted  in  a  total 
of  85  flaws,  of  which  44  were  examined  fractographically.  The  flaws 
were  arbitrarily  chosen  for  f ractographic  examination  at  magnifications 
ranging  from  30X  to  400X  using  a  universal  measuring  microscope.  The 
equivalent  initial  quality  range  for  all  the  holes  was  found  to  be 
0.00015  inch  to  0i0022  inch.  A  statistical  distribution  of  the  A-7D 
equivalent  initial  quality  was  obtained  which  shall  be  presented  later. 
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SPECIMEN 

NO. 

HOLES 

NO. 

FLAWS 

af 

RANGE 

FLAWS 

TRACKED 

ai 

RANGE 

101 

a 

14 

0.05-0.75 

14 

0.0004-0.0022 

201 

wM 

12 

<0.01-1.10 

12 

0.0004-0.0012 

301 

H 

8 

0.01-0.65 

1 

0.0003 

401 

6 

0.02-0.50 

6 

0.0002-0.0014 

501 

8 

14 

0.00-0.60 

1 

0.0007 

502  , 

8 

16 

<0.01-0.62 

1 

0.0006 

601 

8 

002-0.50  i 

8 

0.00015-0.0009 

602 

^9 

7 

0.00-1.05 

I 

0.0006 

TOTAL 

44 

85 

44 

Table  11.  A-7D  Quality  Assessment  Test  Results 


The  fractographic  examinations  revealed  the  origins  of  the  flaws 
for  both  the  straight  shank  holes  and,  the  countersunk  holes  as  illus¬ 
trated  in  Figure  23.  This  figure  indicates  that  there  is  equal  possi¬ 
bility  of  flaw  occurrence  along  the  bore  of  the  hole  for  the  straight 
shank  hole  while  the  most  frequently  occurring  flaw  location  for  the 
countersunk  hole  is  at  the  inside  radius  of  the  small  diameter  portion 
of  the  hole.  Typical  flaw  origins  for  each  type  of  hole  are  shown  on 

the  fracture  surfaces  of  Figure  24.  Also  illustrated  in  Figure  24  is 
the  readability  of  the  fracture  surfaces  for  the  selected  stress  spec¬ 
trum,  with  the  dark  marking  bands  resulting  from  the  application  of  the 
high  load  (maximum  stress  of  30  ksi)  portion  of  the  spectrum. 
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STRAIGHT  SHANK 
HOLES 


Figure  23.  A-7D  Initial  Flaw  Locations 


Figure  24.  i  Fracture  Surfaces  for  Countersunk  and  Straight  Shank  Holes 
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Metallurgical  investigations  of  the  A-7D  flaw  origins  revealed  that 
the  flaws  were  the  result  of  two  different  sources,  anodize  pitting  and 
mechanical  sources.  The  majority  of  the  flaws  (86.4%)  initiated  from 
anodize  pits  in  the  following  manner  (Figure  25).  Insoluble  micro¬ 
constituents  were  exposed  along  the  bore  of  the  hole  during  the  hole 
drilling  operation.  The  anodizing  ate  away  the  microconstituents  and 
caused  pitting.  The  exposed  pits  were  then  filled  with  aluminum  oxide, 
resulting  in  flaw  initiation.  The  remaining  flaws  (13.6%)  were  due  to 
the  mechanical  aspects  of  machining  the  holes.  An  example  of  flaw 
initiation  from  anodize  pitting  is  presented  in  Figure  26. 

Figure  27  presents  the  fractographic  test  results  for  a  typical 
straight  shank  hole.  The  crack  depth  for  this  particular  hole  was 
determined  to  be  .0139  inch  at  the  time  of  failure  of  the  specimen, 
which  occurred  during  the  twelfth  block  of  loading.  The  selection  of 
the  stress  spectrum  to  mark  the  fracture  surfaces  was  indeed  a  good 
choice  as  it  was  possible  to  determine  the  crack  depth  at  the  beginning 
of  the  high  load  segment  of  each  loading  block.  The  crack  depth  at  the 


ELONGATED  GRAIN 


L  CONSTITUENT  EXPOSED  FROM 
DRILLING  OPERATION 

2.  ANODIZING  EATS  AWAY 
CONSTITUENT  AND  LEAVES  PIT 

3.  EXPOSED  PIT  FILLED  WITH 
ALUMINUM  OXIDE 

4.  FLAW  INITIATES  AT  PIT 


Figure  25.  Cause  of  Flaw  Initiation  from  Anodizing 
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CRACK  DEPTH,  Q  (INCH) 


beginning  of  the  high  load  segment  of  the  first  block  of  loading  was 
taken  as  the  equivalent  initial  quality.  It  was  possible  to  track  the 
crack  back  to  the  first  load  block  for  each  of  the  flaws  fractographi- 
cally  examined.  Hence,  the  equivalent  initial  quality  was  established 
from  fractography  alone  and  no  crack  propagation  analyses  were  required. 

An  A~7D  equivalent  initial  crack  depth  statistical  distribution  was 
obtained  from  the  individual  equivalent  initial  crack  depths  established 
for  each  fastener  hole.  This  equivalent  initial  crack  depth  statistical 
distribution  is  representative  of  the  initial  quality  of  the  fastener 
holes  produced  by  the  particular  material  and  structural  manufacturing 
and  processing  operations  involved.  A  total  population  of  44  initial 
flaws  was  used  to  obtain  the  equivalent  initial  crack  depth  statistical 
distribution  presented  in  Figure  28.  It  was  found  that  a  log  normal 
distribution  matched  most  closely  with  the  equivalent  initial  crack 
depth  data.  In  order  to  utilize  a  finite  sample  size  for  fleet  aircraft 
projections,  a  95%  confidence  distribution  was  also  established  and 
presented  in  Figure  28. 

3.4  SUMMARY  OF  F/RF-4C/D,  F-4E(S),  AND  A-7D  INITIAL  QUALITY  ASSESSMENTS 

The  F/RF-4C/D  and  F-4E(S)  equivalent  initial  quality  was  estab¬ 
lished  using  a  combination  of  analytical  crack  propagation  analyses, 
f ractographic  test  data,  measured  final  crack  depths,  and  calculated 
crack  depths.  The  A-7D  equivalent  initial  quality  was  established  using 
f ractographic  test  data  alone.  A  plot  of  the  equivalent  initial  crack 
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Figure  28.  Equivalent  Initial  Crack  Depth  Distribution  for  A-7D  Aircraft 


depth  distribution  determined  for  each  aircraft  for  7075-T651  aluminum 
is  presented  in  Figure  29. 


Recalling  that  one  of  the  objectives  of  each  damage  tolerance  and 


life  assessment  program  was  to  determine  the  operational  limits  of  the 
particular  aircraft  involved,  Table  12  presents  the  average  initial 


crack  size,  the  durability  initial  crack  size  (initial  crack  size  used 
to  establish  economic  repair  limit) ,  and  the  fracture  initial  crack  size 
(initial  crack  size  used  to  establish  inspection  interval  and  fracture 
limit)  determined  for  each  aircraft.  The  determination  of  these  initial 
crack  sizes  was  based  upon  a  number  of  factors  (e.g.,  equivalent  initial 
crack  depth  distributions,  MIL-A-8866B,  MIL-A-83444,  NDI  capability, 
etc.). 


CUMULATIVE  PERCENTAGE.  P  (PERCENT) 


Figure  29.  Equivalent  Initial  Crack  Depth  Distributions  for 

F/RF-4C/D,  F-4E(S)  and  A-7D  Aircraft 
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AVERAGE  DURABILITY  FRACTURE 
EQUIVALENT  EQUIVALENT  EQUIVALENT 
INITIAL  INITIAL  '  INITIAL 

CRACK  CRACK  CRACK 


Table  12. 


Equivalent  Initial  Crack  Depths  for  F/RF-4C/D 
F-4E(S)  and  A-7D  Aircraft 


SECTION  4 


CONCLUSIONS 

The  Equivalent  Initial  Quality  Method  has  been  used  to  assess  the 
initial  quality  of  such  existing  aircraft  as  the  F/RE-4C/D,  F-4E(S)  and 
A-7D.  The  analytical  representation  of  the  initial  quality  resulting 
from  material  and  structural  manufacturing  and  processing  operations  was 
used  in  the  determination  of  the  operational  limits  (i,e,,  economic 
repair  limit,  inspection  interval,  and  fracture  limit)  for  these  air¬ 
craft*  The  Equivalent  Initial  Quality  Method  could  be  used  to  evaluate 
the  initial  quality  of  other  existing  aircraft  as  well  as  be  used  in  the 
design  of  new  aircraft.  For  example,  the  method  could  be  used  to 
satisfy  the  safety  and  durability  design  requirements  of  Military 
Specifications  MIL-A-83444  and  MIL-A-8866B,  respectively. 

The  Equivalent  Initial  Quality  Method  could  potentially  be  used  to 
determine  the  acceptability  of  a  particular  manufacturing  or  processing 
operation.  For  example,  equivalent  initial  quality  statistical  dis¬ 
tributions  could  be  obtained  for  a  number  of  different  manufacturing  or 
processing  operations.  Once  an  acceptable  initial  quality  is  estab¬ 
lished  (e.g.,  acceptable  initial  quality  to  meet  the  economic  life 
requirements,  MIL-A-8866B) ,  the  acceptability  of  t^ach  manufacturing  or 
processing  operation  could  then  be  determined  (Figure  30).  Hence,  the 
Equivalent  Initial  Quality  Method  could  be  used  to  evaluate  any  new 
manufacturing  or  prcessing  operation.  If  a  manufacturing  or  processing 


operation  which  produces  fastener  holes  of  an  acceptable  quality  is 
used  in  production,  the  nondestructive  inspection  (NDI)  requirements 
could  be  minimized,  resulting  in  manufacturing  cost  savings. 

While  the  Equivalent  Initial  Quality  Method  appears  to  have  great 
potential  for  analytically  representing  the  initial  quality  of  fastener 
holes,  it  is  felt  that  further  research  is  required  to  reveal  the  limi¬ 
tations  of  the  method.  For  example,  studies  are  necessary  to  investi¬ 
gate  the  sensitivity  of  the  method  to  type  of  damage,  damage  size  and 
shape,  stress  level,  material,  load  transfer,  type  of  fastener,  etc. 
Such  studies  are  required  to  determine  both  the  strengths  and  the 
limitations  of  the  Equivalent  Initial  Quality  Method. 


Figure  30.  Acceptability  of  Manufacturing  or  Processing  Operations 
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